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Orientation of carbon nanotubes in a sheared polymer melt
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Optical measurements of the shear response of semidilute dispersions of polymer-dispersed
multiwalled carbon nanotubes are presented. For a weakly elastic polymer melt, the data suggest
that the semiflexible tubes orient along the direction of flow at low shear stress, with a transition to
vorticity alignment above a critical shear stress, corresponding to a critical Deborah number of
approximately 0.15. In contrast, data for a highly elastic polymer solution suggest that the tubes
orient with the flow field at high shear rates, in the limit of large Deborah number. The
measurements are in qualitative agreement with previous experimental and theoretical studies of
fiber orientation in elastic fluids under simple shear flow. 2603 American Institute of Physics.
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INTRODUCTION a suspension of such particles, the dilute limit is defined as

Nanocomposite materials engineered from polymers an3L3<1' wheren is the number of particles per unit volume
P 9 Poly andL is the fiber length. Observations of particle motion in

carbon nanotubes offer the promise of polymer composnea“ute rod-like suspensions under shear suggest a director

with greatly gnhancgd elect_rlcgl, thermal, optical, anq StrucEjistribution that appears broadly peaked around the flow di-
tural properties. As inorganic filler in a polymer matrix, the

. rection when viewed in the flow-vorticity plarfeln both
anisotropy of carbon nanotubes makes them structurall ilute and semidilute suspensiofvghere the latter is defined
unique, in that the tube diameter can be the same order Q! 3 5 . . .

. . . h y nL°>1 andnL“d<1, whered is the fiber diametey the
magnitude as the radius of gyration of the polymget the

aspect rato of the tubes can be exceptionally kgae e 2E T BEERRIRTE (ER S TSR
tubes themselves can exhibit extreme mechanical stréngt '

In any type of extrusion or mechanical mixing process thathe fibers, ha; been S“;d'ed and c!ar!ﬂed bOt.h computaﬂon—
ally and experimentall§° In the semi-dilute regime of inter-

one might envision, efficient bulk processing of nanotube— . . . o
9 P g est, hydrodynamic tube—tube interactions are significant.

polymer composites will depend in part on a detailed under- Althouah the ab b i Wt idilute di
standing of the response of polymer—nanotube melts to " ough the above observations apply 1o semidilute dis-
ersions in purely viscous fluids, the scenario for fibers sus-

simple steady shear flow. Of particular interest are how thé ded i . lasti | Iti hat diff i
shear flow orients the semiflexible nanotubes, which are es'pien f% ina wscozacsj I po ymelilmel IS .sofrln(-a(\j/v t? hl (;ren )
sentially microscopic fibers, and how this orientation de- or fibers suspended in a weakly elastic fluid, both theory

pends on the elasticity of the host polymeric fluid and hydro-and experiment appear o be consistent with shear-induced

dynamic tube—tube interactions orientation along the vorticity axi€;*2while fibers in sus-

A theoretical treatment of a rigid rod under simple shearp?nd‘?d in highly elastic fluidistend_ to aIig_n along t_he f_Iow
flow in a viscous fluid gives the so-called “Jeffery orbit” in diréction under ?r%nghshef’r. An mterestlnfg question Is
which the rod undergoes a precession about the vorticitf?® €Xtent to which the shear response of nanotubes in a
45 The orbits are characterized by an orbit cons@nt viscoelastic melt is identical to that of macroscopic fibers,

axis. ) . .
describing the shape of the trajectory, whe&e=0 corre- which can be up to three orders of magnitude larger in diam-

sponds to perfect alignment along the vorticity axis and ©ter- In this paper, we present optical measurements of the
— o corresponds to circular rotation within the flow-gradient Shear response of semidilute suspensions of polymer-
plane. For isolated rod€ is not uniquely determined by the dispersed (non-Brownian multiwalled carbon nanotubes.

shear rate, but depends on the initial conditiofbe particle  FOr @ weakly elastic polymer melt, the data suggest that
aspect ratio, which for nanotubes is potentially quite large, idUP€s orient along the direction of flow at low shear stress,
also an important factor in the analysis of such motions, andvith a transition to broad vo_rt|C|ty alignment above a critical
we note that for very long slender rods, the majority of theShear stressrc, corresponding to a Deborah number of ap-

orbit is predicted to be spent aligned with the flow fitlgor ~ Proximately 0.15. In contrast, data for a highly elastic poly-
mer solution suggest that the tubes orient along the flow
direction in the limit of strong shear. In both the weakly and
dAuthor to whom correspondence should be addressed. Electronic maihighly elastic limits. the measurements are in qualitative
erik.hobbie@nist.gov . " . . .
bDepartment of Chemistry, Kyunghee University, Yongin, Kyungkido, Ko- @dreement with previous experimental and theoretical studies

rea 449-701. of fiber orientation in elastic fluids under simple shear.
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FIG. 1. Electron micrograph of typical multi-walled carbon nanotubes g, 2. The shear viscosityy, main panel, shear stresso,,, inse, and
(MWNTSs) used in the study, where the white scale bar in the upper leftfist normal stress differenceNg, insed as a function of shear rate at
corner represents Lm. The tubes are semi-flexible nanofibers with an _gq°c for poth a pure PB melt and a X103 mass fraction MWNT
extremely large aspect ratio, a persistence length on the order of Am10 et Neither melt exhibits any significant regime of shear thinning, and in

and an average diameter of 50 nm. both melts the shear stress is a factor of five larger than the first normal
stress difference.

MATERIALS AND METHODS

Details of the optical technique applied to multiwalled tific Ares rheometer in a cone-and-plate geometyl rad
carbon nanotub€@WNT) suspensions under shear, as wellcone angle, gap0.05 mn) was used for steady-shear mea-
as details of the MWNT growth procedure, will be discussedsurements of the viscosityy), shear stressdf,), and first
elsewhere, and here we give a brief overview. A typical elecnormal stress differenceN). A Rheometrics Scientific SR-
tron micrograph of the nanotubes is shown in Fig. 1. Base®000 rheometer in parallel-plate geometgap=0.4 mm
on such measurements, the tubes have a mean diatheteiwas used for dynamic measurement€=df{w) and G"(w),
~50 nm withM,,/M,=1.10, and based on optical micros- the storage and loss modulus of the melt, respectively, as a
copy measurement200x magnification, after polymer dis- function of angular frequencyw. All measurements were
persion, the tubes have a mean length=12um with  performed with 25 mm diameter fixtures, the temperature
M,,/M,=1.84. The data shown here are for tubes in polyb-was controlled to+0.5 K, and the measurements were car-
utadiene (PB) of molecular weightM,=5.1x10* with ried out under a nitrogen atmosphere to limit any thermal
M, /M,=1.04, but we have also measured the shear redegradation of the polymers. The Reynolds number of the
sponse of MWNT-dispersions in elastic Boger fluids of low- flow is Re~ y€2p/ 7 where( is the width of the gap, angd
molecular-weight 1 ,=800) polyisobutylenéPIB) contain- and » are the density and viscosity, respectively, of the poly-
ing 0.1% by mass high-molecular-weighdi,=10°) PIB. To  mer. At the highest and lowesty encountered, we estimate
disperse the tubes in a polymeric fluid, we dissdhZeg of  thatRe<3x10 2 and inertial effects are negligible.
low-molecular-weight succinimide dispersant in 600 ml of Steady-shear rheology data®t 80 °C for both a pure
toluene and mechanically mixed 2 g of nanotubes. This PB melt and a 0.17% MWNT by mass PB melt are shown in
solution was then sonicated for 30 min, after which aggre¥ig. 2. The tubes are sufficiently dilute as to exhibit limited
gates and impurities were allowed to settle out. The PB andheological signal. At a shear stress of 15 kBa°0), the
PIB are soluble in toluene, and X720 3 mass fraction first normal stress difference is a factor of five smaller than
MWNT dispersions were prepared by dissolving the approthe shear stress, consistent with a PB melt that is “weakly
priate amount of polyme(plus 0.005 mass fraction Good- elastic.” The low-shear viscosity of the pure PB#s=4300,
year Wingstay #29 antioxidant in the case of)PAB the 1200, and 540 Pa-s dt=40, 80, and 120 °C, respectively.
MWNT/toluene suspensions. The polymer solutions werd=rom a linear Maxwell analysis of the viscoelastic response
then stirred for 24 h and the solvent removed. The final diswe obtain a relaxation time, r=~lim,_(G'/(wG")
persions are semidilute, withL>~54 andnL?d~0.23. ~lim;,_oN;/(2%%?), where 7~0.018, 0.005, and 0.0017 s

The shear light-scattering/microscopy instrument is defor pure PB at 40, 80, and 120°C, respectively. The
scribed in detail elsewheré.The flow direction is along the Deborah numberDe, then follows via the definitiorDe
x axis, the gradient direction is along tlyeaxis, and the =7vy. As described above, we also prepared semidilute
vorticity direction is along the axis. The optical measure- MWNT dispersions in an elastic Boger fluid of PIB, the
ments are taken in the-z plane. The sample is placed be- shear response of which we will discuss briefly in the con-
tween two quartz plates, the upper of which rotates at a corelusion of this paper. At room temperatygs °C), the elastic
trolled angular speed. The gap between the plates was vari€dlB melts exhibit a steady shear viscosity of approximately
between 200 and 40am, and the rotation speed was con- 13.5 Pa-s and a first normal stress differem¢g, that varies
trolled to vary the shear ratg,=dv,/dy, at a fixed point of  from approximately 1.5 Pa at 0.8 5to around 2.15 kPa at
observation 2 cm from the center of the 4 ¢radiug plates, 10 s %, with an estimated linear relaxation time 6£0.1 s.
where the local flow is simple shear. A Rheometrics Scien-  Because of their size and persistence lerigththe order
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of 1-10 um), small-angle light scatterinh\=632.8 nn is
ideal for probing the structure and orientation of the tubes
over the range of scattered wave vector @B 1<q
<5um~1, corresponding to the range of length scales
100nm<27/q<l2um. The tubes are optically
anisotropict’ and we thus employ depolarized light scatter-
ing, with the polarization of the incident beam denosshd

the polarization of the analyzgr. In this study we measure hv|ivh
the four configurationshh(s=X,p=X), vv(s=zp=2),
hv(s=X,p=2), andvh(s=z,p=X), wherex and z define
the flow and vorticity directions, respectively. Explicitly, the
four structure factors are

hh ||vv

2

D

Snn(Q) ; [8(AeX)2+ (a—36)1€'97kF (q)

2

S, (a)= Ek [8(A-2) %+ (@—36)1e'97kf(q) (2)

and

2

Sun(@) =Sn,(Q) 19T () )

where the indexX runs over all of the tubes in the suspen-
sion, withr, andn, denoting the centroid and mean director,
respectively, of the kth tube. The amplitudef,(q)
ocEJ-eiq'rki, Whererk]- locates thgth element of thekth tube FIG. 3. Light-scattering/micrograph pair for a weakly_ shearegl (
Wi respect . contans informaton abou the effective 29352 RNV Tet b L0, Tes el T,
shape of the tubes. We assume tandJare homOQeneous vorticity Fx—z) plane, with ’the flow direction as indicated. The scattering
throughout the samplé.From the above expressions, we S€€intensity depends on the relative configuration of the incident and analyzing
that thehh scattering intensity is sensitive to orientation of polarizer, and in this study we measure the four configuratitnsv, hv,

the tubes a|0ng the flow direction, the intensity is sensi- andz{h, as desc_ribed in thg text. The width of the micrograph is Z60and

ive 1o orientation of the tubes along the vortcty directon, 7€ 0% Scater scaterg paters sutercs o ngear ey
and thehv (vh) intensity is sensitive to orientation of the patterns in the micrographs.

tubes at 45° in the flow-vorticity plane. When confined to the

200-400um gap of the optical shear cell, the melts appear

transparent dark gray. Digital video microscopy is simulta-component of tube orientation alorzg suggesting structure
neously employed to obtain real-space micrographsidth ~ that is somewhat broadly peaked aroundrigure 5 shows
=200 um) in which the tubes appear as faint anisotropicdata for same melt ay=50s"*. Broad orientation of the

dark regions that provide an additional measure of orientatubes along the vorticity axis '-? now evident in the anisot-
tion. ropy of thehh andvv patterns(inverted relative to that in

Fig. 4), and in the deviation from 45° in thev and vh
patterns. Orientation of the tubes alongs also evident in
the left panel of the micrograph, which was taken in the
Figure 3 shows optical data for a dilute PB/MWNT melt middle of the gap, while near the watight panel the tubes
(1.7x10 % mass fraction MWNT at T=40°C and y  exhibit a degree of alignment along the flow direction. This
=0.02s !, where the width of the micrograph is 1qom. bimodality is evident in théh light scattering pattern in as a
The anisotropy is weak, and the shape of tite and vv faint vertical streak. Anisotropy between the first and second
scattering patterns are nearly related by a 90° rotation abowuadrant in the intensity of lobes in thé andhv patterns is
the gradien{y) direction. Thehv andvh patterns are nearly an experimental artifact that emerges at high
symmetric 4-lobed shapes, with the 45° axis being character- To infer information about the orientation of the nano-
istic of an isotropic director distribution. Tubes in the focal tubes from thenh andvv light-scattering patterns, we con-
plane appear as faint, dark, anisotropic shapes in the opticalder projections of these structure factors along the figw
micrographs. Figure 4 shows optical data for the melt deand vorticity(z) directions. There are then four characteristic
picted in Fig. 3 aty=1.0s . Orientation of the tubes along length scales contained in tihd andvov scattering patterns;
the flow direction is evident in the anisotropy of thé and &, én,, &,x, @Nd&,,. To extract these, we fit the data to
vu patterngrelative to Fig. 3, the deviation from 45° in the S(qi)~S(0)exp(—§i2qi2/2) in the low-q limit!® and Fig. 6
hv andvh patterns, and the orientation of shadow patterns irshows the four length scales as a functionyofor the 1.7
the optical micrographs. With most of the tubes alignedx 10 2 mass fracton MWNT PB melt ata) 40°C, (b)
alongx, thevv pattern in Fig. 4 reflects scattering from the 80 °C, and(c) 120 °C. For thehh pattern, orientation of the

RESULTS AND DISCUSSION
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FIG. 4. Light-scattering/micrograph pair for a PB/MWNT dispersion (1.7 FIG. 5. Light-scattering/micrograph pair for a PB dispersion K10 3
X 10 3 mass fraction MWNTT=40 °C) at a shear rate of 1.0% Orien-  mass fraction MWNT, E40 °C) at a shear rate of 504 Broad orientation
tation of the tubes along the flow direction is evident in the anisotropy of theof the tubes along the vorticity direction is evident in the anisotropy of the
hh andvv patterns, and in the orientation of the intensity lobes infthe  hh andvv patterns, and in the orientation of the intensity lobes intthe
andvh patterns. The mean orientation of the tubes is also evident in theandvh patterns(see Fig. 4 for comparisonOrientation of the tubes along
micrograph. The geometry is the same as that in Fig. 3 and the width of théhe vorticity axis is also evident in the left panel of the micrograph, which
micrograph is 10Qum. was taken in the middle of the gap, while near the wWedht pane) the
tubes exhibit alignment along the flow direction. This bimodality is evident
in the hh light scattering pattern as a faint vertical streak. The geometry is
tubes along the flow direction leads to a decreaséin the same as that in Figs. 3 and 4, and the width of each panel igrb0
while &, remains saturated at around Quin. For thevov
pattern, orientation of the tubes along the direction of flow is
apparent as a shear-induced increaset,jp and a shear- p(#6)sir? cos 6. Here,p(6) is a tilt-angle distribution func-
induced decrease &,,. The transition from flow to vorticity  tion, with ¢ defined as the angle between the projection of
alignment is apparent as a shear-induced decreagg end  the tube director into the-z plane and the flowx) direction.
&,x, and a shear-induced increase g, and &,,, which  For an isotropic systerp( )= consi, the maxima thus oc-
occurs at higher shear rates as the temperature increasesr at odd multiples of 45°, as noted above. Figufe) 8
Plotting the correlation length,, and &, as a function of  shows the angl@,,(y) inferred from thehv andvh light-
Deborah number for all of the temperatures superimposes trecattering data for the 0.17% MWNT by mass PB melt at
transitions, as shown in Fig. 7, and reveals the transition teach of the three temperatures, where the inset showshthe
vorticity alignment in the vicinity ofDe~0.15. Analogous pattern aty=0.02s * andT=40°C, with the angleg,, and
plots as a function of shear stress look quite similar andp as indicated. As the tubes orient with the flow direction,
suggest the transition occurs at a critical shear stress dhe orientation of the scattering lobes thus evolves toward the
10-15 kPa, which we denote, . vorticity direction, and as the tubes align with the vorticity
Information about the orientation of the tubes is alsoaxis, the scattering lobes move toward the flow direction,
contained in the angles locating the lobes of maximum in+eflecting the inverted nature of the response-space. The
tensity in S,,,(q) andS,,(q), which we denotep. From a  effect of varying temperature is clearly evident at the four
relatively crude but effective model consisting of two- highest shear rates in Fig(e, where the shear rate at which
dimensional(2D) rectangular shapes in thez plane® one  ¢,, becomes larger tham/4 increases with increasing tem-
can easily derive the simple but general relatips + (/2  perature. Multiplyingy by the viscosity converts the hori-
- 0n)*=n7(n=0,1,2,...), where the anglé,, locates the zontal axis in Fig. 8) to shear stresgFig. 8b)] and col-
maximum in the effective probability distribution function lapses the positive slope data for all three temperatures into a
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’é 0.7~ N the transition to vorticity alignment emerges in the vicinity @é~0.15.
= Universal plots as a function of shear stress look similar, and suggest the

N 06} ] transition occurs at 10-15 kPa.
un
© he
S 05 > ]

X " tain on the order of 4000 individual tube shapes. The angles
W04 - are obtained by finding the axis of least-moment-of-inertia
w%‘ for each of the shapes representing distinct nanotubes in the

5 03 vx —an° micrographs® Based on these distributions, the effective

2 (b) T=80C L T .

e e vz probability distributions relevant to the andwvh scattering,
02 ""'6'1 - 1' £l 1'0 L p(6)sir? #cos 6, are easily computed and are shown in Fig.
' -1 9(b). The dark triangles indicate the locations of the maxima,
shear rate (s ) . .
6, suggested by the analysis of the and vh light-
7] U ———— scattering patterns discussed above. The transition to vortic-
—_ ! ! ity alignment at high shear stress is clearly evident in Fig.
£ L 9(a) as a shift in the position of the most probable tilt angle,
"’§ and in Fig. 9b) as a shift in the peak position with respect to
‘}c" 06 7l4. As mentioned above, the data suggest that the director
= distribution at high shear stress is actually weakly bimodal,

Yy 051 as evidenced by a vertical stripe in thé scattering pattern
ain in Fig. 5 and weak secondary maximayfd) at =0 andw
$ 0.4~ [Fig. 9a)]. Based on optical images obtained at different

X vx (©) T=120°C focal d_epths ir! the vicinity of the bottorfstationary plate,
W03 oo vz | I" we attribute this to wall effects; tubes very close to the bot-

""'0"1 = 1' = '“";o = "";'00 tom wall exhibited a tendency to be aligned with the flow

-1 1 1 1 1hi 1C-
shear rate (s Q|rect|on, even when tubes in the bulk tend to exhibit vortic
ity elongation.
FIG. 6. The four characteristic length scales determined fronh thendvv

light-scattering patternsé(, , &n,, &,x, andé,,) as a function of shear rate
for a PB/MWNT melt prepared at 1710 % mass fraction MWNT at tem- CONCLUSIONS

peratures ofa) 40 °C, (b) 80 °C, and(c) 120 °C. The transition from flow — — Qptica| measurements of the shear response of semidi-
alignment to vorticity allgnment |s_apparent_ as a shear-induced decrease the ensembles of multi-walled carbon nanotubes dispersed
&n and ¢, , and a shear-induced increasegjy and &, .

in a weakly elastic polymer are presented and discussed. Be-

low a critical shear stresso{) the measurements suggest
single trend. These measurements also suggest that the trahat the tubes become broadly oriented along the direction of
sition to vorticity alignment occurs at a critical shear stresdlow, while aboves, the data suggest a transition in which
(o) of approximately 10—15 kPa. Converting the horizontalthe tubes become broadly oriented along the vorticity axis.
axis in Fig. 8a) to De has the same effect, as shown in Fig. When cast in terms of a Deborah number, these observations
8(c). appear to be consistent with previous experimental and the-

Turning now to the real-space data provided by the oporetical work on the orientation of fibers in weakly elastic

tical micrographs, Fig. @) shows the tilt-angle distribution fluids1°~*2which also suggest vorticity alignment. It is inter-
functions,p(6), obtained for conditions above and below the esting to ask how this trend might extrapolate to higher
transition from flow to vorticity alignment. The histograms Deborah number. As mentioned above, we also prepared se-
have been made symmetric with respecte90° to elimi-  midilute (0.17% MWNT by maskdispersions in an elastic
nate slight residual anisotropy in the ensembles, which conPIB) Boger fluid. Such measurements, which were per-
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FIG. 8. (a) The angled,, as a function of shear rate for the X703 mass
fraction MWNT sample under consideration, whég=45° corresponds to
an isotropic configuration. The inset shows titelight-scattering pattern at
y=0.02s%, with the anglesd,,, and ¢ as indicated. With increasing tem-
perature, the transition from flow alignment to vorticity alignment occurs at
higher shear rate, reflecting the decreased viscosity of the PB n{ajrixae
same data plotted as a function of shear stress(@rtte same data plotted
as a function of Deborah number.

formed at 25 °C, are complicated by the fact that the viscos-
ity of the PIB fluid is low enough for weak shear to induce
aggregation of the non-Brownian nanofibers, the microscale
analog of a phenomenon frequently encountered in the pro-
cessing of fiber suspensiofisAlthough details of this flow-

induced aggregation will be discussed in detail elsewhere;IG. 10. Light-scattering patterns for a PIB/MWNT dispersion (1.7

Orientation of carbon nanotubes

hh

vv

1201

hv

vh

D50 C

we note here that above a shear stress of around 300 Pa, th&0 ° mass fraction MWNT.T=25°C) at a shear rate of 100s(De

“ » . ~10). Orientation of the tubes along the flow direction is evident in the
MWNT aggregates start to melt,” and optlcal measure anisotropy of thénh andvv patterns, and in the orientation of the intensity

ments of the orientation of individual tubes in semidilute lobes in thehv andvh patterns. The geometry is the same as that depicted

suspensions under such conditions are similar to those derFig. 4.
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picted in Fig. 4, suggesting flow alignment foxDe<20. 8C. A. Stover, D. L. Koch, and C. Cohen, “Observations of fiber orientation
We show an examp|e of this behavior in F|g 10, which de- in simple shear flow of semi-dilute suspensions,” J. Fluid M&38 277

: . . . (1992.
picts thoe four light scattering r_)atterr_ls ol_atamed at 11_)’0fer 9M. Rahnama, D. L. Koch, and E. S. G. Shagfeh, “The effect of hydrody-
a 0.17% MWNT by mass dispersion in the elastic Boger namic interactions on the orientation distribution in a fiber suspension

fluid, corresponding to a Deborah number of around 10. subject to simple shear flow,” Phys. Fluids 487 (1995.
These observations are consistent with previous work on fiL. G. Leal, “The slow motion of slender rod-like particles in a second-
bers suspended in highly elastic flufds® which suggest ,,2rde" fluid.” J. Fluid Mech.69, 305(1975.

. . . . . . 10. G. Harlen and D. L. Koch, “Simple shear flow of a suspension of fibers
fiber orientation along the direction of flow at higre. For in a dilute polymer solution at high Deborah number,” J. Fluid Me252,

the weakly elastic PB melts, we note that the shear responseg7(1993.
up to the critical Stress’ or Deborah number, is ana'ogous tJOZY Iso, D. L. Koch, and C. Cohen, “Orientation in simple shear flow of
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